In this work, we consider device-to-device (D2D) direct communication underlaying a 3GPP LTE-A network. D2D communication enables new service opportunities, provides high throughput and reliable communication while reducing the base station load. For better total performance, D2D links and cellular links share the same radio resource and the management of interference becomes a crucial task. We propose a radio resource allocation for D2D links based on interference avoidance approach. For system with multiple transmit antennas, we apply beamforming technique based on signal to leakage criterion to reduce the co-channel interference. The results show that, D2D transmission with the resource allocation and beamforming technique provides significant gain compared to that of the regular cellular network.
Introduction
In recent years, 3GPP Long Term Evolution (LTE) technology has become the key standard for IMT-Advanced. LTE and its extended version LTE-Advanced (LTE-A) have already adopted many advanced technologies such as Multiple-Input Multiple-Output (MIMO) antennas, Coordinated Multiple Points (CoMP), enhance Inter-cell Interference Cancelation (eICIC) to meet the increasing demand for high throughput and Quality of Service (QoS) [1] . The next generation LTE network is expected to adopt technologies that not only increase system performance but also build up foundation for new type of services. Short range direct communication or device-to-device (D2D) communication is a candidate to satisfy this requirement and has become one of the study items under investigation in release 12 of 3GPP LTE.
Unlike the existing D2D communication solutions, such as Bluetooth [2] or direct WIFI, D2D communication in LTE shares the licensed radio resource with regular LTE links. It has significant advantages on power consumption and spectral efficiency. It allows devices to transmit data without passing it through base stations (BS or eNB) and the backbone. Because of the proximity, the direct links often have good channel quality, i.e., low pathloss. Thus, even with low transmit power, high throughput transmission can be made. Furthermore, it is possible to gain higher spectrum usage by letting the D2D links utilize the spectrum resource of other links without causing substantial performance degradation to each other. Such way of communication requires a careful design on radio traffic management.
In D2D communication underlaying cellular network, interference management is one of crucial task. As D2D communication is an additional feature beside the regular cellular communication, D2D mode UEs (DUE) should not cause significant interference to cellular UEs (CUE) receivers when they are sharing the same radio resource. Similar to the cognitive radio context, the DUEs can be considered as secondary users and access the licensed channel in an opportunistic way [3] . However, there would be no QoS guarantee for them. Therefore, it is expected that the eNB controls and performs interference management to improve the QoS of D2D link as well as that of the other legacy devices sharing the same bandwidth.
Given a group of devices sharing the same radio resource, interference management usually become the problem of resource allocation in which each device transmits using a time and frequency slot, aka, radio resource block (RB) with certain power. In [4] , the maximum transmit power D2D links is set by eNB such that the interference to the co-channel CUE link is limited. Power adjustment for D2D links is also proposed in [5] to dynamically reduce the interference. In [6] , the power level is set to optimize the transmission sum rate of both CUEs and DUEs. Nevertheless, the power control should be jointly considered with resource allocation/scheduling to minimize the potential critical interference [7] . Besides, under LTE scenario, the spectrum resource allocation/scheduling rate is faster than that of the power adjustment; thereby, the instantaneous signal to interference and noise (SINR) for each UE depends more on scheduling. Therefore, channel/interference aware scheduling algorithms can be more beneficial for the system performance. In [8], the area of possible D2D transmission is calculated by pathloss threshold. However, the area modeling is over simplified leading to the sub-optimal performance.
In this work, we investigate an interference avoidance scheduling algorithm for D2D links. Given a schedule for CUEs, each D2D link is paired up with a CUE link and sharing the scheduled RBG by a pairing algorithm. The D2D pairs are allocated such that the interference at each involved device is below a threshold. For the D2D pairs violating the requirement, a default spectrum resource is provided so that they still can transmit with best effort basis. For multiple transmit antennas system, we apply a beamforming based on signal to interference and noise (SLNR) metric [9, 10] to further reduce the interference. The results show that, with the pairing algorithm, the co-channel interference between D2D pairs and the CUE uplink is mitigated and the system throughput is optimized.
System Model
We consider D2D links sharing uplink bandwidth with the regular CUEs. The total uplink frequency resource for data is assumed to be divided into N resource block groups (RBG) 1 . At a given time slot t, the RBG can be indexed as ( , where
. There are c uplink CUEs and d D2D pairs sharing this radio resource. If D2D links and a CUE uplink sharing RBG , co-channel interference degrades the performance of both links. Figure 1 represents channel model where D2D links j, k and an uplink CUE i transmit in the same RBG. Here, D2D pair k consists of a DUE transmitter (DUE-T) k and a DUE receiver (DUE-R) k. For the sake of simplicity, the RBG index indicator is omitted. The channel and interference include the following components:
H i : the channel matrix from CUE i to the eNB.
If multiple antennas are equipped at the transmitter, beamforming technique can be used to improve the SINR. We define the precoding matrices for CUE i and for DUE-T k as W and W respectively. In practice, the precoding matrices belong to a codebook  .
The performance of the system depends on the cochannel interference causing by the devices. The intracell co-channel interference measured at eNB is
where i is the index set of the D2D links sharing the bandwidth with CUE i. The SINR for uplink CUE i can be calculated as
where 0, are the noise power plus the interference from other cells for the link i. Similarly, the interference measured at DUE-R k and its SINR are calculated as, respectively:
where 0, are the noise power plus the interference from other cells for the D2D link . 
where , are the throughput of CUE i and DUE k at time t. The throughputs can be defined using Shannon capacity formula [11] as
is the bandwidth of a RBG and  is the SINRs defined in (2), (4). The time index t is added to to represent their changes over time.
The problem in (5) can be classified as a NP-hard as it can be reduced to a simpler, but still NP-hard, scheduling algorithm [12] . In [12] , a proportional fair algorithm can be performed to optimize the total throughput over time while allowing all the UEs receive at least a minimal QoS. Such algorithms usually depends on the assumption that the interference is small and relative unchanged, i.e., The instantaneous rate of a UE depends on its relative location with eNB, the varying channel and the cochannel interference. Compare to the transmission rate of CUEs in traditional cellular system, the instantaneous rate of CUEs in the presence of D2D communication depends more on the intra-cell co-channel interference. Hence, for a group of a CUE and DUEs sharing the same RBG, the instantaneous interference depends on the resource assignment. Therefore, the task of resource allocation for UEs sharing resource is very different from the one for uplink only. In section 3, we propose a resource allocation mechanism for D2D pair sharing bandwidth with an uplink CUE, called pairing algorithm. Based on interference avoidance approach, the pairing algorithm allows many D2D links reuse the uplink radio resource while maintaining the uplink performance.
The problem in (5) considers resource allocation and precoding matrices to optimize the performance and, thereby, hard to solve. Therefore, we separate the two processes by applying the pairing algorithm first; then, given the resource assignment, we determine the optimum beamforming. In section 5, we introduce a beamforming technique to reduce the in-cell co-channel interference and improve throughput performance.
Pairing Algorithm Based on Interference Threshold and Default RBG
As the general problem is NP-hard, we propose a heuristic algorithm whose assumption is that the CUE has been scheduled without knowledge of DUE channels. The assumption is based on two folds: CUEs requires better QoS protection as the DUEs always have better channel due to their proximity; CUEs should have higher priorityas D2D communication is an additional feature in cellular network. With this assumption, we can reduce the general problem to the pairing algorithm whose task is to assign a group of DUEs to pair with a CUE and share its scheduled resource. The pairing algorithm also assumes that the signal strength of D2D links is often very high and eliminating the co-channel interference is essential. Therefore, the pairing process is based on the thresholds of interference. A CUE link and a D2D link are paired to transmit on the same RBG only when the interference satisfies thresholds conditions for both receivers. There are several existing interference avoidance algorithms [13] that work well when the number of D2D pairs is not too large. However, if the number of D2D pairs is large, only few D2D pairs can share resource this way. In our pairing algorithm, we propose that if the D2D pair cannot share the resource with the CUE, they still can transmit on the default resource with limited rate. With the default resource, all of D2D pairs can transmit at the same time and the total throughput is increase. In the rest of the paper, without loss of generality, we assume that the RBG 1 is used as the default RBG. The candidates, including CUE i and DUE k are paired up only the interference at all involved receivers are below the thresholds: 
The Choice of Interference Thresholds
The interference thresholds can be calculated from the target SINRs. As the expression derivations for CUEs and DUEs are similar, we only describe the CUE case. The pairing algorithm should pick the channel such that the average SINR is larger than the target SINR 0, (
Numerical Results
In this section, we evaluate the performance of CUEs and DUEs using aforementioned algorithms by a system level simulator (SLS). We consider uplink synchronized LTE cellular network with Urban Microcell (UMi) scenario with UE moving speed of 3km/h as defined in model 1 of [16] . There are 7 eNBs equal space located with distance of 500 m and each divides into 3 cells using 120 degree vertical antennas. The network is assumed to operate on a 10 MHz band with 2GHz carrier. The band is divided into 9 RBGs. Each cell is assigned 20 CUEs and 10 DUEs. The location of CUEs and DUE-T are uniformly random generated over the area of network. The DUE-Rs are uniformly random located around the correspondent DUE-Ts with maximum distance max . The UEeNB pathloss model in dB is defined in [16] as
and UE-UE pathloss model is defined in [17] as
We assume open loop power control with complete pathloss compensation. The average receive signal power is dBm for CUEs and 100  80  dBm for DUEs. Assumptions on the network includes full buffer traffic model, proportional fair (PF) algorithm for scheduling the CUEs and ideal channel estimation with MMSE receiver. The throughput is measured by the number of bits successfully transmitted using certain Modulation and Coding Scheme (MCS) defined in [15] over the simulated time. The success of transmission is signaled by ACK/NAK assuming a Block Error Rate of 10%, the HARQ is incremental redundancy (IR) with maximum 3 retransmissions.
We study the proposed algorithms under SIMO (1 2  )
MIMO ( ) channel model. To see the benefits of the algorithms, we compare the following setups for SLS:  The DUE-Ts is assigned using the aforementioned pairing algorithm. There could be more than one D2D pairs transmitting on the same RBG. The interference threshold for CUEs is 100  dBm and for DUEs is 90  dBm (marked as "Pairing").
We first examine the pairing algorithm for system with one transmit antenna. Figure 2 and Figure 3 show the CUE throughput and DUE throughput cumulative distribution function (CDF), respectively. Comparing "Default RBG" and "CUE only" setups, we see that the use of the default RBG for D2D transmission does not affect CUE throughput significantly. Instead, enabling of D2D transmission has improved the total cell throughput.
The transmission with random RBG allocation does not take into account the CUEs' QoS protection; thereby, the CUE throughput degrades compare to the "Default RBG" case. On the other hand, the D2D throughput has improve as the D2D links do not need to share only one RBG.
The pairing algorithm takes into account the possible interference to the other devices. Therefore, we can see that, the CUE throughput does not degrade compared to the case that D2D pairs transmitting on the default RBG. The DUE-Ts, whenever possible, transmit on the RBG other than the default one. Hence, the DUE throughput improves and is comparable with that of random RBG case. Table 1 shows the average cell throughput of each test case. The cell throughput is measured by summing all the CUEs and DUEs throughput of the cell and averaged over cells. We can see that the D2D transmission improve the cell throughput by 25% (Random RBG) and up to 90% (using pairing algorithm). In Figure 4 and Figure 5 , we show the CUE throughput and DUE throughput CDF, respectively, for multiple antennas system. The pairing algorithm is used first to allocate the resource; then the precoding matrix selection solution. We can see that the pairing algorithm still effective in this test although the interference threshold may be violated. It is because, the beamforming algorithm with SLNR approach helps to reduce the number of violation. From Table 1 , we can see that the pairing algorithm with SLNR beamforming method improves the cell throughput by 145%, 55%, 25% compared to that of CUE only, default RBG and random RBG case, respectively.
Conclusions and Future Works
In this work, we have shown the advantage of enabling D2D communication underlaying LTE cellular network. We propose a pairing algorithm for appropriately assign radio resource for D2D communication and causing only minimal interference to the uplink. The results show that the D2D links performance is improved compared to the random RBG assignment and default RBG assignment while maintaining the CUEs' throughput. For multiple transmit antennas scenario, the pairing algorithm together with the beamforming technique using SLNR approach also increase the cell throughput significantly. The use of SLNR may reduce the channel information exchange, especially in TDD scenario.
The future works include the examination of the pairing algorithm in MIMO case, where the violation of interference threshold may happen. Addressing the outage problem can help to optimize the threshold parameters and further improve the system performance. Dynamic default RBG can also be studied to optimize the performance.
